Abstract-A novel method for a dual-band filter and quad-channel diplexer design is presented in this paper. This method, by altering the gap between resonators, realizes a transformation from bandpass to dual-band for the filter and diplexer. At first, a high selectivity bandpass filter (BPF) with four controllable transmission zeros (TZs) is designed. Then altering the gap between resonators, a band gap is generated and utilized to split the passband of the proposed BPF into two bands, which transform the BPF to a dual-band filter with a narrow passband separation. The center frequency and bandwidth of the new dual-band filter are controllable by adjusting the frequency and width of the band gap. Based on the dual-band filter, a quad-channel diplexer with stepped impedance T-junction is designed, and it can be transformed to a wideband diplexer. For demonstration, the dual-band filter and quad-channel diplexer are fabricated and measured.
INTRODUCTION
In the modern wireless communication devices, especially for smart cellphone, huge demand for highperformance filter and diplexer has motivated great efforts on their design. Frequency selectivity is always a concerned factor in the design process. To obtain a high selectivity, high orders of filters are needed. However, it will result in a gigantic size. Multi-mode resonator as a candidate may be utilized to reduce the size due to the coexistence of multiple modes in itself without decreasing the resonator orders [1] [2] [3] [4] . Nonetheless, coupling coefficients between resonators are too hard to control, which makes it difficult to obtain a high performance. Besides, transmission zero (TZ) is another way to enhance the frequency selectivity and is generated by two major ways. One is the cross coupling among multiple paths with 180-degree phase differences between the source and the load [5] [6] [7] . The other is to add one-quarter wavelength open-stub on coupled input and output lines to form 0-degree feed line structure [8, 9] .
High orders of filters and multiple TZs are always adopted in diplexer design to improve the isolation. However, in quad-channel diplexer design, high isolation is difficult to obtain since the passband separation of the dual-band in one channel is too large to satisfy both two passband. In [10] , two pairs of dual-band filters using stepped impedance resonator are directly combined for quad-channel diplexer. Although multiple TZs generated by source-load coupling improve the selectivity of dual-band filter channels, the large passband separation of upper dual-band channel still leads to a low isolation between output ports.
In this paper, four half wavelength resonators are arranged as a nested structure to construct a compact high selectivity BPF. The total dimension of the proposed filter is similar to the BPF using dual-mode resonator [1, 2] , but easier adjustment of coefficient is obtained as a result of the single-mode resonator. By combining cross coupling and a 0-degree feed line structure, two pairs of controllable transmission zeros are generated at both sides of the passband to enhance the frequency selectivity.
With a slight alteration on the gap between resonators, a band gap is generated to split the passband of the proposed BPF into two bands, which transform the BPF to a dual-band filter. The newly transformed dual-band filter also owns high selectivity for two pairs of TZs generated by the 0-degree feed line structure and band gap. The center frequency and bandwidth of each band are easier to control than the multimode dual-band filter in [3, 4] . Moreover, the dual-band filter is created by splitting a passband into two bands. So the separation between the two passbands is small, and it is suitable for dual-band filter design with narrow passband separation. Exploiting the high selectivity and narrow passband separation of the dual-band filter, a quad-channel diplexer with stepped impedance T-junction is designed, and a better isolation is obtained than the corresponding results in [10] . Figure 1 shows the layout of the proposed filter. It consists of four half wavelength resonators which construct a compact nested structure. The method from bandpass to dual-band is realized by adjusting the gaps g 1 and g 2 . 
BPF TO DUAL-BAND FILTER TRANSFORMATION

Bandpass Filter
Depending on the arrangement of four half wavelength resonators, the topology of BPF is obtained as shown in Fig. 1(b) . The two outer resonators are appointed as Re1 and Re4, and the inner resonators are designated as Re2 and Re3.
Re1 and Re4 are coupled at the end of the microstrip line where the electric field is strongest. So the coupling is electrical coupling, and the coupling coefficient k 1,4 is negative. Meanwhile, other couplings between resonators are at the center of the microstrip line where the magnetic field is strongest. So they are magnetic coupling, and the coupling coefficients are positive. This kind of cross coupling topology shown in Fig. 1(b) can generate a pair of transmission zeros (TZ2 and TZ3) near the passband since the two paths have 180-degree phase difference from source to load. TZ2 and TZ3 are controlled by coupling coefficient k 1,4 in the topology. Besides, 0-degree feed line is adopted to introduce another pair of transmission zeros, Tz1 and Tz4, which are controlled by the length from the input port to the end of the microstrip line. By combining cross coupling and 0-degree feed line, four TZs near the passband of BPF are generated to enhance the frequency selectivity. The variation of TZs is illustrated in Fig. 2(a) . It can be observed that Tz2 and Tz3 move away from the center frequency with g2 increasing and Tz1 and Tz4 moving towards center frequency with d1 increase. The normalized coupling matrix with return loss of 20 dB can be synthesized as shown in matrix (1). Depending on the structure and coupling matrix, a BPF with center frequency at 1.5 GHz and relative bandwidth of 13.3% is designed and simulated. The result is presented in Fig. 2(b) . 
Dual-Band Filter
Based on the proposed BPF above, a transformation from BPF to dual-band filter is obtained by the gaps alteration of inner resonators and outer resonator. When gap g 1 between Re2 and Re3 increases sufficiently, the coupling between them can be ignored. The topology of the proposed structure is renovated and shown in Fig. 1(c) . The normalized coupling matrix of dual-band BPF with return loss of 20 dB is synthesized as shown in matrix (2). Compared with matrix (1), it can be seen that the coupling magnitude of k 1,4 and k 4,1 increases from −0.18 to −1.18, and the coupling coefficients k 2,3 and k 3,2 turn to be zero. The coupling coefficient k 2,3 is nearly zero due to the huge gap between the inner resonators. Furthermore, the coupling coefficient k 1,4 needs to increase in order to ensure the coupling magnitude of the only path between the source and the load. This kind of topology can realize a dual-band filter by splitting a passband into two bands. 
The center frequency of each band can be controlled by coupling coefficient k 1,4 which is controlled by g2. Fig. 3(a) shows that the transmission parameter varies from g1 and g2. It can be seen that when gap g1 increases from 0.4 mm to 3 mm, a band gap splits the passband of BPF into two symmetric passbands. When gap g2 decreases from 1.3 mm to 0.2 mm, these two symmetric passbands move away from the center frequency of BPF. The bandwidth of each band is also controllable by setting the total length of the inner resonator. Fig. 3(b) depicts the bandwidth versus length L2. When length L2 increases from 27.5 mm to 31.5 mm, the band gap moves towards lower frequency, which leads to the decreasing bandwidth of the first band while the bandwidth of the second band increases. These two bandwidths are equal when L2 = 29.5 mm. The same as the proposed BPF, the 0-degree feed line structure introduces a pair of TZs. And the band gap generates another couple of TZs to enhance the selectivity of each passband. The transformation procedure from BPF to dual-band filter can be summarized as below:
1. Based on the proposed BPF, increasing the gap g2 in order to avoid the coupling between inner resonators.
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(a) (b) shifting. The dual-band filter is designed by splitting a passband into two bands. So the separation between the two passbands is small due to the limit of gap g2. With this property, it is suitable for dual-band filter design with narrow passband separation.
Based on the BPF above, a dual-band filter with center frequency at 1.4 GHz/1.6 GHz is designed and implemented on a substrate with a thickness of 1 mm, relative dielectric constant of 2.55, and loss tangent of 0.001. The result is shown in Fig. 4. 
QUAD-CHANNEL DIPLEXER DESIGN
Based on the dual-band filter, a quad-channel diplexer with stepped impedance T-junction is designed, and the structure is shown in Fig. 5(a) . It includes two parts of the dual-band filter with center frequency at 1.4 GHz/1.6 GHz and 1.95 GHz/2.2 GHz. Direct combining of two dual-band filters may result in bad performance. So optimization based on initial dual-band filter parameters is needed. The first resonators of the two channels need slight optimization since they are directly linked with a T-junction network. The initial length of the Tjunction network from the input port to the first resonator of each channel is usually assigned as one-quarter guide wavelength of the other channel in diplexer design. But in the quad-channel diplexer design, each channel consists of two passbands, which makes it hard to determine the frequency of the guide wavelength. In this work, stepped impedance T-junction is taken to optimize for dual-band isolation. Besides, passband separations of dual-band in each channel are 200 MHz/250 MHz which are narrow separation, so it is easier to obtain a good isolation than the quad-diplexer in [10] . The ratio of stepped impedance and length is optimized by software ADS to obtain a good isolation and matching.
The quad-channel diplexer can also be transformed into a wideband diplexer with the gap alteration of inner and outer resonators. And the T-junction needs to optimize again for wideband diplexer. In Fig. 5(b) , results comparison between wide-band diplexer and quad-channel diplexer is shown.
The results of quad-channel diplexer are shown in Fig. 6 . The insert loss is 2 dB/2.1 dB/1.8 dB/ 2.7 dB, the return loss 12 dB/10 dB/12 dB/15 dB, the relative bandwidth 7.4%/6.1%/5.2%/4.4% and the isolation between the two channels −35 dB by measurement. The proposed diplexer obtains a better isolation due to the narrow passband separation in each dual-band channel compared with the quad-channel diplexer in [10] .
METHOD APPLICATION
In the above sections, the method of splitting one band into two passbands by a band gap is built on a four-order BPF with a nested structure. The limitation of filter orders seems to restrict the application of this method. To extend this method to higher-order, two approaches can be adopted.
(1) More resonators can be incorporated into the interior space. As shown in Fig. 7(a) , four inner resonators and two outer resonators construct a sixth-order BPF. By altering the gap of outer resonators and inner resonators, a transformation from sixth-order BPF to three-order dual-band filter can be achieved. The coupling topology transformation is shown in Fig. 7(b) and Fig. 7(c) . However, due to the restriction of interior space, this approach is restricted to six-order.
(2) Multi-mode resonator such as the SIR (stepped impedance resonator) and SLR (stub-load resonator) may be adopted to realize a higher-order BPF.
CONCLUSION
In this paper, a method from bandpass to dual-band for filter and diplexer is presented. A high selectivity BPF is designed at first. Based on the proposed filter, a dual-band filter is transformed by gap alteration of resonators. Exploiting the high selectivity and narrow passband separation of proposed dual-band filter, a quad-channel diplexer with stepped feed line is designed and fabricated.
